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ABSTRACT

A novel dynamic phasors method to model voltage sources converter based HVDC
(VSC-HVDC) transmission system is proposed in this paper. This approach is based on the
time-varying Fourier series coefficients of the system variables, and focused on the dynamics
of the Fourier coefficients. Followed by the time-domain converter station model for
VSC-HVDC described by switch function, detailed analysis of the VSC-HVDC dynamic
phasors model is presented in this paper. The VSC-HVDC model is simplified by keeping
important system state variables that corresponding to the time-varying Fourier series,
which include the converter station switching function considering both the DC component
and basic frequency component, and the DC transmission line considering only the DC
component. Therefore, high frequency switching process is greatly simplified. Typical
simulation results show that this method can ensure simulation accuracy and reduce
computational cost at the same time.

Keywords: VSC-HVDC; Dynamic phasors model; Time-varying Fourier coefficients;
electromagnetic transient model

1. INTRODUCTION

Compared to the conventional HVDC
systems, the VSC-HVDC transmission
system has several advantages such as
independent control of active and reactive
power, dynamic voltage support at the
converter bus for enhancing stability,
possibility to feed to weak AC systems or

even passive loads[1].
Received Date: 08.02.2007
Accepted Date: 01.07.2008

Therefore, the

VSC-HVDC system can play an important
role in emerging deregulated power
systems and has broad prospects in the
applications of future city power supply
and the new energy (such as wind power
generation, photovoltaic fat and small
hydropower, etc.) connected to power
grid[2], [3].

Many research results on principles and
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simulations of VSC-HVDC systems have
been reported in literature in the past
decade. However, most of the converter
station models in literature consider either
simplified quasi-steady-state models or
complicated  electromagnetic  transient
(EMT) analysis [4]-[6]. It is difficult to
analyze the dynamics of the entire system
with VSC-HVDC by using these two
models. For instance, if an accurate EMT
model is used to simulate the power
electronic devices of the VSC-HVDC, it
will be time-consuming in simulation for
the tiny step length used. On the other hand,
if an over-simplify quasi-steady-state
model is used, it will cause low simulation
accuracy. Therefore, it is critical to develop
VSC-HVDC models with relatively small
computational ~ cost and  sufficient
engineering accuracy for fast and accurate
modeling, simulation and control design for
overall system stability[7]-[9].

In this paper, dynamic phasors method is
applied to model VSC-HVDC transmission
system. This approach is based on the
analysis of dynamics of the significant
time-varying Fourier series coefficients of
the system variables [10], [11]. By
truncating unimportant higher order series
and keep only those significant series, this
method can catch the dynamic behavior of
detail model [12]. The
complexity of dynamic phasors model can
different
application requirements. Therefore, it can

the original

be adjusted according to

significantly ~ improve  computational
efficiency and maintain a good engineering
precision when it is used for transient

simulation [13].

Followed by the time-domain converter
station model for VSC-HVDC described by
switch function, detailed analysis of the
VSC-HVDC dynamic phasors model is
presented in this paper. The VSC-HVDC
model is simplified by keeping important
system state variables that corresponding to
the time-varying Fourier series, which
include the converter station switching
considering both the DC
component and basic frequency component,

function

and the DC transmission line considering
only the DC component. Therefore, high
frequency switching process is greatly
simplified. The dynamic phasors model and
a detailed time domain EMT model for the
VSC-HVDC are simulated in MATLAB
environment, and simulation results show
that this method can ensure simulation
accuracy and reduce computational cost at
the same time.

2. OUTLINE OF
DYNAMIC PAHSORS
The method of dynamic phasors is based

THE

on the time-varying Fourier coefficients. A
possibly complex time-domain waveform
x(r) can be represented on the interval
re(t-Tt] using a Fourier series of the

form
o0 ik
X(1)= % X (t)el st
k=—o0
@
Where wg=27/T and Xy (t) are the

Fourier coefficients and named here as
dynamic phasors. The k th phasor at time
t can be determined by the following
expression:
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X, (0= 21T x(e e = (), (1)
)
The phasor X (t) here are all complex
quantities, which satisfy the following:
=008 + 00t =0 Za=((0" 1+ jool )"
®)
where the superscriptsr and i denote
the real and imaginary parts of the defined
quantities respectively, and “ = denotes
the complex conjugation.
There are two key and useful properties
of the dynamic phasors:
Differentiation of dynamic phasor: For
the Kk th Fourier coefficient, the
differential with time satisfy the following

formula:

Product of dynamic phasor: For two

waveforms X, (1) and xp(t) , the k th
phasor of their product can be obtained by:
<X1X2>k=.§ ki (x2)i ®)
j=—00

Dynamic phasors method is based on the
idea of frequency decomposition, and focus
on the dynamics of the significant Fourier
coefficient. By truncating unimportant
higher order series and keep only those
significant series, the dynamic phasors
model can catch the dynamic behavior of
the original detail model. A new state-space
model can be obtained when we consider
these reserved phasors as state variables.
The model is simplified, and can keep the
nonlinear of original model to large extent.
Dynamic phasors can be used to model the
polyphase
operation including electronic converters.

systems under unbalanced

The emphasis of this paper is aimed at the
analysis of three phase balanced situation.

3. DYNAMIC PAHSORS OF
VSC-HVDC

A. The Equivalent Circuit of VSC-HVDC

3
- - - =4
2

,.“
4
]

o——1n 4
Hi R TGIE
L AL A A JFA F

1. filters 2. reactors 3. IGBT 4.DC capacitors 5. DC
cables

The structure diagram of
VSC-HVDC
Fig. 1 illustrates the basic structure of
VSC-HVDC. In the figure, the interface
reactors (usually transformers) are applied

Fig. 1.

to smooth current and secure the power
exchange between AC system and DC link.
The reservoir DC capacitors are used for
voltage support and harmonic attenuation.
The two converters on the ends of DC link
have the same structure and both connect

active AC networks.
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Fig. 2 The equivalent circuit diagram of
VSC-HVDC
In this paper, for the simplicity of
analysis, we suppose that [14]:
a) The system is under balanced
operating condition;
b) The converter valve are ideal and
converter transformer is lossless.
c) Parameters of all the bridges of both
the rectifier and the inverter are

equal.

Fig.2 is the equivalent circuit diagram of
VSC-HVDC. Here, Us[abcjt  and
Us[abc]3 are three phase ac infinite
sources of the rectifier and of the inverter
respectively; vs[apcji and vs[apc]3 are
three phase ac voltages of the rectifier and
of the inverter respectively; i o is dc
current of the DC cables; Ry ,L;,R3 and
Lz are the equivalent resistors and reactors

of the rectifier and of the inverter
respectively; R and Lp are the

equivalent resistors and reactors of DC
cables; C; and C» are the DC capacitors

of the rectifier and of the inverter
respectively.

B. Time-domain Dynamic Model of
VSC-HVDC

Because the three phase ac system is
symmetric, taking phase a as the reference
phase, Fig. 3 shows the equivalent circuit
of phase a.

| |
de1i G L2

Yo

Fig. 3 Equivalent circuit of phase a of
rectifier

For simplicity, i(t) and v(t) are
shorted as iand v, then:
di .
lefat1+R1'a1=USa1—VFa (6)
Where vga=Uc1Sa1+VHn » Sa1 and

S;ﬂ are the ideal switch-state functions of

phase a, it is either 1 or O corresponding
to on and off states of the switch
respectively. Regardless of the adopted

PWM scheme, Sz; and Sla]_ are always
complementary:

Sa]_-i—S(lil:l

()

For a balanced ac system, it is easy to
derive:

1
VHn=—jUc1 X Sj1
j=a,b,c

(®)

Equations similar to (6) for phase ‘b’
and ‘c’ can also be developed. Substituting
from (8) in (6), the final expression for
three phases are deduced:

di : 1
Llfet‘l=—R1Ia1—U01Sa1+§U01_ 2 SjtUsal

d j=a,b,c
dipy . 1 .
L—==-Riipn-Uc1Sp+;Uc1 X Sj1+Uspr
dt 3 i
j=ab,c
L—==—Riic1-UciSc1+;Uc1 X Sj1+Uscl
dt 3 =
j=a,b,c
9)

An equation similar to (9) can also be
developed for inverter converter. Still
considering the balanced operation of three
phases, we can simplify the three phase
model to reference phase a model only.

The switch state functions Sj; and

Sj3are determined by the PWM control,

and they are discrete, periodic function of
time. For stability study, we only filter out
the fundamental wave component and dc
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component of the switching functions

Sjrand Sj3, which can be expressed as:

1 1
d j1=§micos(a)t—§l—pj )+E

) . (10)

d j3:§m2 cos(at—-62—pj )+E
Here, j=abc , pg=0 , pp=27/3 ,
pc=4r/3. mand & are the modulation

index and the trigger delayed angle of
rectifier respectively , moand 5o are the
modulation index and the trigger delayed
angle of the inverter respectively.

Finally, the ac parts dynamics of
VSC-HVDC can be described as:

Ll% _R1|a1_7mlcos(wt a)Uc1+Usal
di 1

L dkzl Rl'bl*gml CcOoS(wt— 51**)U Cc1tUsh1
dicg_ . 1

Ly Bcl dt Rl'cl*aml cos(a)tfélff)UCﬁU Scl
di

L da;3 R3'a3+2 my cos(wt-62)Uc2-Usa3
di 1

Ls dt;3 —Raip3+- ;M2 cos(wt—d7 —*)UC 2-Ush3
di o1

Ls dct3 ~Raea My cos(wt—5 —?)U c2-Usc3

(11)
From the Fig. 2, the dc parts dynamics
of VSC-HVDC can be described as:

du . .
C1 d ligg-ito= ¥ ijad ja-iL2
j=a,b,c
di .
LZ%:UCFUCZ—'LZRZ
duco . . . .
C2 d$2:'L2—'d03:'L2—_ Y ij3dj3
j=a,b,c
12)

C. Dynamic Phasors Model of VSC-HVDC

The time-domain dynamic equations of
VSC-HVDC are presented above. We
assume that ac variables can be described
accurately by their fundamental frequency
components; and the dc variables can be

described by the dc components. For the
switching functions we consider the dc and
fundamental frequency components. Based
on these simplifications, the derivation of
the corresponding dynamic phasors model
of the above equation is given in this
section.

Firstly, let’s consider phase a of the
rectifier:

OI""‘1> (t)= d<'al>1+1kw<l a1

<M>_1(t):—d<'al>—1

m +jkex(ia1)—1
(13)
ig1(t) is a real signal, so

(ig1)—k =(ia1)k , thus:

dl
Sgt=ielia 1_7 Lal—fml<Uc:1>oe Jé‘LJr*USal
(14)
Equations similar to (14) can also be

developed for phase b and phase c:

di
(';tblf jol Lp1- *'Lb1*7m1<U01>Oe it 3 B 1 Usht
(15)
di Rl =il f] 1
st°1— lel_cl—l_fll_cl—fwucvoe gl L s
1
(16)
ez
We can deduce I pi=I_a1e 3 ,
Ushi=Usate " 3 , lLci=lLate "3

Ar

Useg=Usaze | 3 in the three phase

Because the three
phase ac system is symmetric, taking phase

balanced condition.

a as the reference phase.
We can get the corresponding dynamic
phasors model of the rectifier capacitors.
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dUcro dU<:1 1 - - dif r
- T ad ) - | U
i a0 o)) Rayr i mcosay, o s
J=ab,c dt Ly Lal Lal™ 4 L
17) . i
Here: P ol 1] e MMy 51
: dt Lal ™|y Lal™ 414 Ly
_ _ _ dUc1o_3mcoséy r _3msingy i 120
(q19a170 = (an)18g) 1 +(gp) 1 (dap)y dt 2 LT o Lal g
_ * di 20 _Uci10-Yc2o Roli20
=lLartar’ 1+ Lar(dar at L Lo
(18)1 dUc2o 1120 3m2COS52|r I3mgsin52 i
<ia1da1>o=<ib1db1>0=<icldc1>0,<da1>o=§, d¢  Cp 2cp L& oc, L3
r r
1 dl R CoS & u
dan)1=—me I (dar)_1= eJ5l Lad_ "1 ol 1200592, S3
(da11 2 y(dap)-1=> it L Last?llast g, Cc20 L3
T i i
Lt =1 a1+ N g dija of - _Reyi _mpsing Ugq
Substituting above equations in (17), the dt La3 |4 'Ls 413 L3
final expression is deduced: (22)
dUcio_dmoossl,; _3msingli 1120 It can be written as matrix equation.
dt 2¢; Lal 2¢ Lal o X=AX+BU (23)
Where
(19)
Then, the corresponding dynamic x:[l{_al lla Ucto 120 Uc2o 1,3 'Lag}

phasors model of the inverter capacitors
and dc cables are also deduced in the same

way.
di 20 _Uc10-Yc20_RolL20
dt Lo Lo
(20)
dUc2o_I120 3m2COS§2Ir 3m23in62|i
it  Cp 2C, La3’ pc, La3
(21)

Finally, the whole dynamic phasors
model of VSC-HVDC can be gained by
substituting the complex quantities of state
variables into real parts and imaginary
parts:

uJul, Ul ur, Uil m. A
» U5 Ugy Ugy Ugg Ugz| » M~ a1

my . &2 are control variables, which can

be acquired from the control system if
VSC-HVDC.

D. The Control System of VSC-HVDC

The rectifier and inverter VSC control
strategies adopted in this paper are shown
in Fig. 4. Kpand K;j are the proportional
gain and integral gain of the controller
respectively. &g m, are the steady state
phase angle and modulation index of the
VSC, AS . Am are the output of PI

regulator [5].
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(a) active power controller
mO
Am m

O
w
s,

Ki
Kp +?

Qs

(b) reactive power controller

deref ° ¢

0
Ki |AS, )
K +Kast g

S

C

dc

)

(c) DC voltage controller

moi
Sref Ki Am m
K, +— H(Tﬂ»
S

Us

:

—

(d) AC voltage controller
Fig. 4 Control system of VSC-HVDC
In general for a two-terminal
VSC-HVDC system, one station must be
set to use the constant DC voltage control.

4. SIMULATION RESULTS

The dynamic simulation of a
VSC-HVDC transmission system is carried
out in this section. Fig.2 shows the circuit
diagram of the VSC-HVDC transmission
system. Detailed parameters are used given
in Appendix A. These parameters are used
to simulation both the dynamic phasors
model and the EMT model using
MATLAB/SIMLINK toolbox.

In order to verify the accuracy and
efficiency of the dynamic phasors model,
we compare the simulation results of the
dynamic phasors model with those of EMT
model under two typical power controlled
mode based on the system shown in Fig. 2.

Case 1: At 1s, the reference value of the
inverter active power steps from 3MW to
-3MW, at 3s, it steps from -3MW to 3MW.
The simulation results of using the dynamic
phasors model and the EMT model are
given in the Fig. 5(@) and Fig. 5(b)
respectively.

Case 2: At 1s, the reference value of the
inverter reactive power steps from OMvar
to -2Muvar, at 3s, it steps from -2Mvar to
OMvar. The simulation results of using the
dynamic phasors model and the EMT
model are given in the Fig. 6(a) and Fig.
6(b) respectively.

As seen from the simulation results,
dynamic phasors model can reflect the
dynamic behavior correctly. The results of
the VSC-HVDC system using EMT model
and dynamic phasors model are consistent.
The test illustrates that simulation results
model have

using dynamic phasors

satisfied accuracy as compared with EMT

model.
4

z 20

5 0

a 2f
-4
0 1 2 3 4 Us
4
5l

N

2 2

2_4 . . .
0 1 2 3 4 Us

(a) Simulation results of dynamic phasors
model
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4 VSC-HVDC Simulation Computatio
o0 model interval(s) n time(s)
g Dynamic 0~5 6.1480
Cor phasors
-4 ‘ EMT ~ 393.0233
0 1 2 3 4 ts 0~5
P
= VA, "
gg, 5. CONCLUSION
4 : A new modeling method has been
0 1 2 3 4 t/s . . . . .
introduced in this paper and simulation
(b) Simulation results of EMT model VSC-HVDC transmission system. Through
Fig.5 Simulation results of case 1 the simulation results, we can conclude
54 that:
% 3 v AN a) The dynamic phasors method can
“2 | | | model  VSC-HVDC  dynamic
1 1 2 3 4 Us accurately and efficiently;
g_g r / | b) The dynamic phasors is more
2—2 ‘ ‘ ‘ ‘ | accurate than quasi-static model
-3
0 1 2 3 s B and simpler than detailed EMT

(a) Simulation results of dynamic phasors model

4
E N
(3]
$3 W

2 oy
1
go
ﬁ_l
o2

-3 ;

0 1 2 3 4 t/s

(b) Simulation results of EMT model

Fig. 6 Simulation results of case 2
Furthermore, = we  compare the
computation time as shown in Table | of
the two models, and find that the time
consumed by using the dynamic phasors
model is far less than that of the EMT
models. Simulations are performed using
an Intel CPU with 1.13GHz and 512MB
RAM memory under the MATLAB version
6.5.0.180391a(Release13) environment.

TABLE I:Comparison of the simulation

time of the two models

model in analysis and simulation;

¢) Dynamic phasors is flexible to
include more harmonics for a better
accuracy (at a price of increased
model complexity) when needed,;

d) Comparison with the detailed
time-domain  model,  dynamic
phasors model can save much CPU
time;

e) The dynamic phasors model of
VSC-HVDC is and
completely compatible with other

modular,
models in the whole system.

6. APPENDIX

The parameters of the VSC-HVDC
transmission systems used in this paper is
as follows.

Us1=3/+/2 KV, Ug3=3/~/2 kV, =50 Hz,

R1=R3=0.20Q , Rp=1.0Q , C1=Cy=7 mF,
Ly=L3=7mH, Lo=7mH, N=f /f=21.
a constant voltage

Control  system:

Wei YAO, Jinyu WEN, Shijie CHENG
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controller and a constant reactive power

controller are used in rectifier station; a

constant active power controller and a

constant reactive power controller are used

in inverter station.
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